ABSTRACT: During the summer of 1994, 1996, and 1997, we conducted hydrographic and plankton surveys of the upper 70 m in the nearshore, the continental shelf, and off-shelf oceanic waters off Oregon, USA. Copepod densities and biomass were estimated along 4 transects from each cruise. The on-shelf copepod biomass was 2.8 times greater than off-shelf biomass. Nonmetric multidimensional scaling identified an on-shelf and an off-shelf copepod community. The change in community composition usually occurred at or slightly offshore of the continental shelf break, defined here as 180 m water depth. Indicator-species analysis identified the subarctic neritic species, Calanus marshallae, Pseudocalanus mimus, and Acartia longiremis, as good indicators of continental shelf waters. 'Warm water' species Mesocalanus tenuicornis, Calocalanus styliremis, Clausocalanus spp., and Ctenocalanus vanus were indicators of off-shelf waters. The copepod communities off the coast of Oregon during the summer upwelling season reflect the origins of the dominating currents within each habitat. The coastal copepod community is subarctic neritic in origin, consistent with southward coastal flows. The offshore copepod community is a mixture of species with origins in the Transition Zone as well as species that are typical of the coastal region of the California Current off central and southern California. We speculate that the central and southern California Current species are present in offshore waters of Oregon in summer because they are transported north with the Davidson Current in winter but, with the initiation of the upwelling season in spring, they are transported into offshore waters where they establish viable populations.
INTRODUCTION
Two different water types control the hydrography of the surface ocean off the Oregon coast during summer months. Continental shelf waters are dominated by subarctic coastal water transported south from southern British Columbia and the Gulf of Alaska. Oceanic waters offshore of the continental shelf represent an inshore arm of the California Current and originate to the west, as part of the West Wind Drift and the so-called Transition Zone (Hickey 1998) . The summer hydrography of shelf and slope waters is also influenced by wind-driven coastal upwelling, whereby cold, salty, nutrient-rich, deep water is brought to the surface where it displaces coastal and offshore waters, creating strong temperature and salinity gradients in both continental shelf and slope waters (Hickey 1998) . As the coastal waters move south along the Oregon and California coasts, they warm due to solar heating and salinity rises as greater volumes of upwelled water mix with Transition Zone water (Hickey 1998) .
Given the different origins of waters found off the coastal northeast Pacific, we expected that each water type would carry a different or unique zooplankton assemblage into the region (Johnson & Brinton 1963) . Moreover, given the onshore-offshore gradients in hydrographic conditions, we also expected strong cross-shelf zonation in zooplankton community structure. Subarctic neritic species should dominate onshelf waters, while oceanic, Transition Zone species should dominate off-shelf waters. Cross (1964) and Cross & Small (1967) were the first to describe zonation patterns for zooplankton off Oregon. Cross (1964) sampled from 5 to 105 nautical miles from shore along 4 transect lines off the Columbia River, Newport, Coos Bay and the Oregon-California border. They reported distributions for only a few of the most common coastal species and strong zonal gradients in abundances were noted for Pseudocalanus minutus (=mimus), Acartia longiremis and Centropages mcmurrichi (=abdominalis). For offshore species in their samples, they reported only on A. danae and showed that during summer this species was found solely in offshore waters (Cross & Small 1967) . Peterson (1972) conducted 7 cruises on the continental shelf and in oceanic waters off Washington and Oregon in summer 1961 and 1962 , and was the first to report distribution patterns of all dominant coastal and oceanic copepod species. Of the common copepod species (i.e. species that occurred in >15% of the samples), 2 were found chiefly in shelf waters (Acartia longiremis and Pseudocalanus minutus [=mimus] ) and 5 were found chiefly in oceanic waters (Calanus [=Meso-calanus] tenuicornis, Calocalanus styliremis, Clausocalanus arcuicornis, C. pergens and Paracalanus spp). Peterson & Miller (1975) and Peterson et al. (1979) reported on seasonal variations in zonation patterns of copepods in continental shelf waters. They described a copepod community during summer which consisted of a nearshore group including Acartia hudsonica and Centropages abdominalis, which was most abundant within 5 to 10 km of the shore, and a midshelf group dominated by A. longiremis, Pseudocalanus spp. and Calanus marshallae, which was found chiefly in midshelf and outer shelf waters. Landry & Lorenzen (1989) identified similar species groups for the shelf waters off Washington.
In June or July 1994 through 1998, the Estuarine and Ocean Ecology Division of the National Marine Fisheries Service conducted plankton and oceanographic surveys off the coasts of Oregon and Washington in order to describe onshore-offshore variations in the distribution and abundance of northern anchovy Engraulis mordax and Pacific sardine Sardinops sagax eggs and larvae, and zooplankton (Bentley et al. 1996) . We analyzed a subset of these zooplankton samples collected in 1994, 1996, and 1997 to examine and describe the onshore-offshore patterns in copepod community structure off the coast of Oregon. The objectives of this paper include a description of copepod community structure (using ordination techniques), comparison of on-shelf versus off-shelf communities, and determination of the interannual variations in copepod species dominance using indicatorspecies analysis. Finally, we relate differences in copepod community structure to oceanographic gradients.
MATERIALS AND METHODS
Field methods. Surveys were conducted with the RV 'Sea Otter' during 6 to 26 July 1994 and 14 to 25 July 1997, and with the RV 'McArthur' during 9 to 21 June 1996 over a grid of up to 281 stations along up to 14 latitudinal transect lines off the coast of Oregon (Fig. 1) . The transects extended from 1.9 to 185 km offshore and ranged from the Columbia River (46.27°N) to just south of Cape Blanco (42.62°N). Each transect consisted of 17 to 20 stations, which began at either 1.9 or 9.3 km from shore and were evenly spaced at 9.3 km thereafter.
Vertical net tows were conducted using the CALCOFI (California Cooperative Oceanic Fisheries Investigations) protocol (Smith et al. 1985) with the primary objective of collecting and quantifying the distribution and abundance of northern anchovy and Pacific sardine eggs and larvae. Tows were made at each station from 5 m off the bottom, or from a maximum of 70 m, to the surface with a 0.25 m diameter CalVET net fitted with 150 µm mesh: the filtration area ratio for this net was 9.3, and therefore clogging should not have been a problem (Smith et al. 1985) . In addition, we did not see significant amounts of phytoplankton in any of the samples that were counted for zooplankton. Plankton samples were preserved in 5% buffered formalin. Conductivity and temperature profiles were recorded simultaneously with a Seabird SBE 19 CTD (conductivity, temperature, depth) meter, and salinity and density were later derived from these measurements. Water samples were taken from a depth of 3 m with a Niskin bottle, filtered at sea, and analyzed for chl a in the laboratory using standard fluorometric techniques.
For this paper, a total of 186 zooplankton samples were analyzed from 4 transects in each year: Columbia River (CR) (46.27°N), Cape Falcon (CF) (45.76°N), Newport (NH) (44.59°N), and Coquille River (CQ) (43.13°N) in 1994 and 1996 or the Cape Blanco (CB) (42.62°N) in 1997 (Fig. 1) . In the laboratory, samples were rinsed in freshwater, poured into graduated cylinders and allowed to settle to determine settled volume. The sample was then diluted to 5-10 times the settled volume, suspended by mixing with a spatula, and aliquots were removed for counting with a 1.1 ml Hensen-stempel pipette. Two aliquots were counted, unless more were needed to achieve a total of 300 to 500 animals. Copepods were identified to species when possible, or otherwise to genus. Copepods were grouped by copepodite, adult male or adult female, except for Calanus marshallae, C. pacificus, Mesocalanus tenuicornis, Euclanus californicus, and Neocalanus species, which were also identified to copepodite developmental stage. The counts were converted into densities (number m -3 ) using the mouth area of the net and the distance of the tow (m). Biomass of a given species was calculated by multiplying the number m -3 by the carbon weight of individuals of a given developmental stage. Values for carbon are derived from literature values or from our own estimates of weight (see Peterson et al. 2002, Table 2 ).
Sampling was conducted at stations without regard for time of day. Thus, because some copepods have been shown to exhibit vertical migration behavior, the possibility of a day and/or night bias exists. Therefore, we used the Mann-Whitney U-test to compare the median biomass for day versus night samples on and off of the shelf. Of the 6 comparisons (3 yr × on-or off-shelf), only 1 (1997 on-shelf) had a p-value < 0.05 (p = 0.04). For half of the 6 comparisons, day biomass was higher than night, and for 3 comparisons night biomass was higher than day. Therefore, we felt it was reasonable to combine the day and night samples together for on-versus off-shelf comparisons. In addition, several published studies carried out in northern California Current waters have shown no statistically significant difference in density or biomass between day and night for the dominant copepod species which we discuss (Peterson 1972 , Shaw & Robinson 1998 .
Data reduction and statistical methods. Contour maps of 1 m temperature and salinity and of copepod density and biomass were generated using kriging as the gridding method in Surfer (Golden Software, V7.0). Distribution and abundance maps of the individual copepod species were created using a layer of shaded raster images of the grid created by kriging combined with a classed post map, which shows the true values at each of the individual sampling stations where samples were quantified. A linear kriging variogram with an anisotropy ratio of 1 (no anisotropy) and no search rules was used. All statistical analyses were conducted using the computer software PC-ORD V4.36 (McCune & Mefford 1999) . For all analyses, copepod densities were first summed for all lifehistory stages, excluding eggs and nauplii. All data were log (x + 1) transformed before statistical analysis. The data were then arranged into 4 species and 4 environmental matrices (one for each year and one with all years combined). The species or environmental variables formed the columns and stations formed the rows. The size of the species matrix was reduced by eliminating 'rare' taxa (operationally defined as those species occurring at < 5% of the stations for the individual years and < 2% of the stations for all years combined, and which comprised <1.5% of the total population at the sites where they were present). After transformation, the data were analyzed for outliers. There were no species in any year with an average distance from the mean of more than 2 standard deviations from the mean of distances between species.
Nonmetric Multidimensional Scaling (NMDS) (Kruskal 1964 , Mather 1976 ) was used to ordinate sample units in species space, to identify station clusters with similiar copepod communities, and to relate them to environmental variables. NMDS has proven useful in analyzing marine community data (Field et al. 1982 , Hosie & Cochran 1994 , Chiba et al. 2001 . NMDS is an iterative search for a ranking and placement of n entities on k dimensions (axes) that minimizes the stress of the k-dimensional configuration. The calculations are based on an n × n distance matrix calculated from the n × p-dimensional main matrix, where n is the number of rows and p is the number of columns in the main matrix. 'Stress' is a measure of departure from monotonicity in the relationship between the dissimilarity (distance) in the original p-dimensional space and distance in the reduced k-dimensional ordination space. It quantifies between-site dissimilarity and arranges all sites in k-dimensional space, such that the rank order of the between-site dissimilarities corresponds as closely as possible to the rank order of between-site distances (McCune & Mefford 1999) . Thus, the closer that 2 stations are in species space, the closer the species composition of the stations will be. Runs were made using the Sørensen distance measure (also known as the Bray-Curtis coefficient, Bray & Curtis 1957), 4 axes, 150 iterations, 10 runs of real data and 30 randomized runs. Plots and output of instability and stress were examined to find the number of axes at which the reduction in stress gained by adding another axis was acceptably small (see Mather 1976) . In this dataset, all ordinations were best described by 2 axes (instability < 0.005). The orientation of axes derived from NMDS is arbitrary, and therefore we rotated the plots such that the first axis corresponds to the axis of maximum environmental variability. The environmental data matrices contained values of temperature (°C), salinity, and density (sigma-t) at depths of 1 and 30 m, chl a concentration at 3 m depth, longitude and latitude. They also contained grouping variables for stations located on versus off the continental shelf. The continental shelf group, delineated by the 180 m isobath, consisted of all stations inshore of 25 miles on the CR transect, inshore of 20 miles on the CF and NH transects, and inshore of 10 miles on the CQ and CB transects (Fig. 1) .
The nonparametric Multi-Response Permutation Procedure (MRPP) (Mielke 1984 , Zimmerman 1985 , McCune & Mefford 1999 ) was used to test the hypothesis of no difference in the copepod community composition between samples taken from the on-and off-shelf stations. MRPP is similar to the t-test and the 1-way ANOVA F-test, without requiring the assumptions of normality and homogeneity of variances. To test for differences between years, MRPP was run separately for on-and off-shelf stations using year as a grouping variable. The Sørensen distance measure was used in all cases.
Indicator species analysis (ISA) (Dufrene & Legendre 1997 ) was used to define and describe which species were typical of on-and off-shelf station groups among the 3 yr. The indicator value for a species in a group is calculated as the product of the relative abundance of the species in the group (the mean abundance in the group/the sum of the mean abundances in all groups) and the frequency of occurrence of the species in the group samples. Indicator values can range from 0 (no indication) to 100 (perfect indication). A score of 100 means that the species was present in all samples in the group and was absent from all samples in other groups. The highest indicator value for each species is tested for statistical significance using a Monte Carlo randomization technique.
RESULTS

Temperature and salinity
During the July 1994 survey, sea surface temperatures (SST) in the sampling area ranged from 8.6 to 16.7°C (Fig. 2) . Coastal upwelling was occurring off central and southern Oregon as indicated by the presence of water <9°C and salinity greater than 33. During the June 1996 survey, SST ranged from 7.2 to 15.4°C. Coastal upwelling was most pronounced off central Oregon, with cold high-salinity water just south of Newport. In the July 1997 survey, SST ranged from 9.1 to 18.8°C; the higher SSTs offshore were the result of a strong downwelling event (Strub & James 2002) likely associated with the 1997-1998 El Niño. Coastal upwelling during this cruise was weak compared to the other cruises, and again was most pronounced just south of Newport. Table 1 lists the average densities for the dominant species in each of the 3 yr. From this table, it is clear that the dominant species in on-shelf waters included Calanus marshallae, Pseudocalanus mimus, Centropages abdominalis, and Acartia longiremis. In offshore waters, the dominant taxa in each of the 3 yr were Mesocalanus tenuicornis, Paracalanus parvus, Clausocalanus spp., Ctenocalanus vanus, and P. mimus. Two other species, Calanus pacificus and Oithona similis, were abundant in our samples, but were equally abundant on and off the shelf. During 1997, an El Niño year, P. parvus was the most abundant species in on-shelf waters.
Copepod density and biomass
Average copepod biomass during each survey was similar among years. For the on-shelf stations, biomass (SE) was 15.9 (2.4), 14.0 (1.4) and 19.6 (2.5) mg C m -3 for 1994, 1996 and 1997 respectively. For the off-shelf stations, the corresponding biomass values were 5.7 (0.6), 7.7 (0.9) and 4.2 (0.4) mg C m -3
. The on-shelf and off-shelf copepod biomasses were significantly different in all years (Mann-Whitney U-test, p < 0.0001). Biomass and density were generally highest in the north and showed strong onshore-offshore gradients (Fig. 3) .
Community structure
Using our matrix of species abundance at on-and off-shelf stations, we tested for differences in community structure using MRPP. For this analysis we differentiated stations by water depth. Stations <180 m deep were defined as on-shelf, while stations >180 m deep as off-shelf. We also tested for differences among years. MRPP revealed that copepod community structure of on-and off-shelf stations were significantly different (p < 0.0001) in all years. Copepod community structure was also different among years (p < 0.0001) both on and off the shelf.
Ordination of stations in species space
NMDS showed that the stations on and off the continental shelf occupied distinct places in species space, demonstrating (as with MRPP analysis) that there were distinct differences in copepod community structure (Fig. 4) . Monte Carlo analysis gave a probability of only 0.03 that these patterns could have been obtained by chance. The relationship between the distance in the ordination space and the distance in physical space was highly significant (p < 0.0001) ( Table 2) .
Significant relationships between the ordination axis and environmental variables were found. Axis 1 was strongly correlated with 30 m temperature and density, longitude, and 1 m temperature (Table 2) . Higher temperatures were associated with off-shelf samples, while denser waters were associated with the on-shelf samples (Fig. 4) . Chlorophyll a was also highly correlated with Axis 1 in 1994 and 1997 but not in 1996. ) and SE (in parentheses) of copepod species in waters on and off the continental shelf off Oregon in summer 1994, 1996, and 1997 . The number of samples in each category is in parentheses beneath the respective heading.
The 4 species in bold are the dominant on-shelf species Fig. 4 ). There was, however, some overlap for stations in all of the depth bins. Though 180 m water depth did not always define the break point in community composition, data from stations less than 300 m deep did divide the 2 communities in almost every case. This suggests that the true break in the copepod community composition is closely associated with the location of the continental shelf break, but is not a step-like change.
Indicator species analysis
ISA revealed similarities among years for which copepod species were indicators of shelf waters (Table 3) . Three species were consistent indicators of on-shelf copepod communities in all years: Calanus marshallae, Pseudocalanus mimus and Acartia longiremis. Two additional species, Centropages abdominalis and A. hudsonica, were indicators of on-shelf waters in 1994 and 1997. In 1997, Paracalanus parvus was also a good indicator of on-shelf waters.
For off-shelf waters, the species which were good indicators differed among years. As many as 12 species were identified as good indicators of off-shelf conditions in one year or another, but only 4 species appeared as consistent indicators each year; Mesocalanus tenuicornis, Calocalanus styliremis, Clausocalanus spp. and Ctenocalanus vanus (Table 3) . Two additional species were off-shelf indicators in 1994 and Table 2 ). All ordinations are rotated towards 30 m temperature, the environmental variable that most often explained the largest fraction of the variance. The dashed line indicates the position along the horizontal axis beyond which no more on-shelf stations occur. Off-shelf stations that fell to the left of this line are labeled. Station labels indicate transect and nautical miles offshore Table 3 ). In every case, the off-shelf indicator species in question are known to be either subtropical neritic or Transition Zone species (Fleminger 1976) . Two of these species, M. tenuicornis and C. vanus, are 2 of the most frequently occurring species in the central and southern California Current (Fleminger 1967) .
Distributions of dominant species
Spatial variations in the distribution of the 3 dominant subarctic coastal species (Calanus marshallae, Pseudocalanus mimus, and Acartia longiremis) and 3 offshore subtropical and/or Transition Zone species (Mesocalanus tenuicornis, Paracalanus parvus, and Ctenocalanus vanus) are shown in Figs. 5 to 7. We chose to illustrate these species because they are abundant in all samples (Table 1) , and ISA (Table 3) revealed them to be excellent indicators of coastal waters and oceanic waters, respectively. P. mimus had high densities at most on-shelf stations (Fig. 5) . Highest densities of C. marshallae (Fig. 5) and A. longiremis (Fig. 6) were seen at the on-shelf stations centered off Newport in 1994. In 1996 and 1997, A. longiremis was most abundant on the Columbia River and Cape Falcon transects, whereas C. marshallae was evenly distributed along the coast. The off-shelf species were usually most abundant along the northern or central transect lines (Figs. 6 & 7) . However, during 1997, P. parvus (Fig. 6 ) had its highest densities in on-shelf waters off the Columbia River and Cape Falcon. M. tenuicornis (Fig. 7) was most abundant offshore and to the north in all years. C. vanus (Fig. 7) was most abundant offshore and to the north in 1997, but was more evenly distributed in the other 2 yr.
The NMDS ordination shown in Fig. 4 was overlaid with the densities of 3 closely related Calanidae species to explore the on-/off-shelf differences (Fig. 8) . This analysis showed that Calanus marshallae clustered as a coastal species, Mesocalanus tenuicornis as an off-shelf species, and C. pacificus was distributed throughout both regions (Fig. 8) . We compared the 4 Acartia species in the same manner (not illustrated), and found that A. hudsonica was present chiefly at the shallowest stations on the shelf, A. longiremis in midand outer-shelf samples, and A. danae only at the deepest water stations. A. tonsa occurred in only 19 samples and was equally common at both on-and off-shelf stations.
DISCUSSION
One purpose of this work was to test the hypothesis of on-/off-shelf differences in the biomass, species composition and community structure of copepods in the upwelling zone off Oregon. We found that copepod biomass was similar among years and averaged 16. ), with on-shelf biomass greater than off-shelf biomass by a factor of 2.8. The chief reason for this difference in biomass may be related to differences in primary production rates and chlorophyll concentration. The average chl a concentrations during our cruises were 4.4 µg l -1 on-shelf and 0.6 µg l -1 off-shelf, different by a factor of 7. Perry et al. (1989) also reported higher primary production rates on-shelf compared to off-shelf, averaging 0.95 and 0.33 mg C m -2 d -1 respectively for stations off the Washington coast, different by a factor 230 of 3. Thus, higher copepod biomass and copepod production in on-shelf waters would be expected. This was confirmed during the June 1996 cruise, during which measured copepod growth rates at 37 on-shelf stations and 36 off-shelf stations and calculated copepod production. They found that copepod production averaged 2.3 mg C m -3 d -1 for the on-shelf stations and 0.8 mg C m -3 d -1 for the off-shelf waters, differing by a factor of 2.9. Thus, differences between on-and off-shelf plankton biomass and production were similar; phytoplankton biomass (as chlorophyll), primary production, copepod biomass and secondary production were all greater in on-shelf waters than off-shelf waters by a factor of ≥ 3.
Not only were there on-/off-shelf variations in copepod biomass, but we also observed differences in copepod community structure. We suggest that these differences in both copepod biomass and species composition derive from the different origins of the source waters for on-and off-shelf habitats. For example, 3 copepod species were consistently more abundant only at the on-shelf stations: Calanus marshallae, Pseudocalanus mimus, and Acartia longiremis. We know that these species dominate shelf waters off Newport, Oregon (Peterson & Miller 1975) as well as coastal waters to the north; Vancouver Island (Mackas et al. 2001 ), Gulf of Alaska (Coyle et al. 1990) , and the Bering Sea (Johnson & Brinton 1963) . Thus, these 3 species are good indicators of the presence of Gulf of Alaska coastal water on the Oregon shelf.
On the other hand, offshore California Current waters are dominated by a mixture of copepod species, some from the Transition Zone (Tables 1 and 3) , and others that are typical of the temperate-subtropical coastal neritic regions of central and southern California. The Transition Zone is a band of water that extends between about 40 and 45°N across the Pacific Ocean from Japan to Oregon and northern California. (Fleminger 1967) . Subtropical neritic species are also commonly found in offshore waters during summer and include Paracalanus parvus, Ctenocalanus vanus, Acartia tonsa and Corycaeus anglicus (Fleminger 1967 , Barnett & Jahn 1987 . These species are more typically found in coastal waters of central and southern California, but they prosper in deep waters off Oregon. We commonly found Clausocalanus species with the warm-water group. The systematics of this genus are difficult, and we did not attempt to routinely identify them to species. However, detailed analysis of additional samples collected at biweekly intervals at several on-shelf stations off Newport, Oregon from 1996 to present, reveal that the dominant species are C. arcuicornis, C. pergens and C. paragergens . These species are also known to be Transition Zone species (Frost & Fleminger 1968) . Thus, though the offshore copepod community has mixed affinities, all species can be classified as 'warm water' species. These observations collectively support the physical oceanographic paradigm of Hickey (1998) that waters offshore of the continental shelf in the northern California Current region have their origins in the Transition Zone and the west wind drift.
It is noteworthy that the 'offshore community' consisting of subtropical and Transition Zone copepod species is virtually the same copepod community that occurs in coastal waters off Oregon and Washington during winter months (Peterson & Miller 1977, their Table 1 ). During winter months, southwesterly storms transport offshore waters (and offshore copepods) onshore, resulting in downwelling at the coast. In addition, the northward-flowing coastal Davidson Current advects warm-water subtropical neritic copepods (such as Paracalanus parvus, Ctenocalanus vanus and Corycaeus anglicus) from the California shelf to Oregon shelf waters. We speculate that these warm water neritic copepod species are found offshore of Oregon during summer because they are advected offshore in spring when upwelling commences, and subsequently remain in the offshore area during spring and summer months because southward flows in the offshore California Current are sluggish (Hickey 1998) . This explains why the offshore copepod community off Oregon is a mixture of species of different origins, some are transported from the west wind drift, whereas others are permanent residents of the northern California Current that live offshore in summer but in continental shelf waters in winter.
We found that the geographic location between the on-and off-shelf community occurred at or just offshore of the shelf break. The fidelity of the separation of on-and off-shelf communities was very high, with more than 94% of our stations grouped along an onshore-offshore environmental gradient. The few stations that did not group exactly with other members of their community are indicated on Fig. 3 by their station (transect letter and distance in nautical miles offshore). Misclassification occurred where upwelling was particularly strong in association with a headland : Cape Falcon in 1996 and 1997 , and Cape Blanco (Stations CQ 15 in 1994 , and CB 10 and 20 in 1997 Capes are regions of high offshore transport, particularly Cape Blanco (Barth et al. 2000) . It is common for coastal copepods to be transported offshore in that region . Another example of offshore transport was in 1996 along the Columbia River transect, where offshore transport of coastal species by the Columbia River plume probably occurred. Hickey (1998) emphasized that variability in currents over the continental shelf off Washington and Oregon have different time and space scales from currents seaward of the shelf. Moreover, the degree to which the off-shelf California Current interacts with coastal waters is unclear (Hickey 1989, p. 43-45) . There are evidently no sharp boundaries in hydrographic properties between waters, and rather a gradual transition from cold salty water on the shelf to warm fresher water off the shelf. Recent drifter observations suggest that, at least in the upper layers of the water column, the interactions between the shelf and slope waters are quite weak (J. Barth unpubl. data, available at http://diana.coas.oregonstate.edu/drift/recent.shtml). Drifters launched in on-shelf waters off Newport during summer invariably move south at high speeds and remain in on-shelf waters until at least the latitude of Cape Blanco (42.5°N). However, drifters launched in slope waters (40 to 50 km from shore) often move to the west or meander about the area. Thus, we suggest that the apparent lack of interaction between the 2 water types may partially explain why we observed 2 distinct copepod communities.
Another related mechanism that could explain separation of the 2 copepod communities is related to offshore transport during coastal upwelling. Active coastal upwelling does not extend beyond the shelf break off central Oregon (Huyer 1983) thus coastal species will not normally be transported beyond the shelf. Earlier papers (Peterson et al. 1979 , Peterson 1998 found that coastal copepod species are retained in coastal upwelling zones through ontogenetic migration. We suggest that the retention mechanisms that keep coastal species on the shelf may explain the strong contrasts in copepod community structure between on-shelf and off-shelf waters. That is, in the region of central Oregon, coastal copepod species are not transported offshore beyond the shelf break during upwelling, and upwelling prevents offshore species from being transported onshore. Another possible mechanism accounting for the shelf-oceanic gradient in copepod community structure is related to the relative ability of species to survive in a different water types. That is, should there be an exchange of shelf and slope waters through some physical process, oceanic species may not survive in coastal waters and vice versa. Oceanic species are adapted to relatively particle-free oligotrophic water, and may be incapable of feeding in particle-rich waters with chlorophyll values in excess of 10 to 20 µg chl a l -1 , typical for summertime off the Oregon and Washington coasts. The shelf environment is dominated by diatoms while the offshore oligotrophic environment is dominated by nannophytoplankton (Evelyn Sherr pers. comm.). Differences in availability of food type and size may explain why coastal species prosper in coastal regions and subtropical species prosper in oligotrophic waters, but not vice versa. There are strong temperature gradients between shelf and slope waters. The cool waters on the shelf might prevent successful colonization of shelf waters by offshore, warm-adapted, species. Similarly, cold-adapted shelf species may also be unable to survive in relatively warm and particle-free oligotrophic waters offshore of the shelf. Finally, predator guilds are different between coastal and oceanic waters, with coastal waters dominated by ctenophores, scyphomedusae, and zooplanktivorous fishes (osmeriids and clupeids) and oceanic waters by Pacific saury Cololabis saira, mesopelagic fishes (at night), and euphausiids. Thus, a variety of biological interactions coupled with weak offshore Ekman transport and weak interaction of shelf and slope waters may also explain the observed zonation in copepod communities.
Our observation of a separation between an on-and off-shelf copepod community in association with the continental shelf break appears to be a general result, being common to both upwelling and non-upwelling regions. For example, separation of water types and copepod community types occurs at or near the shelf break in most coastal upwelling regions: Baja California (Longhurst 1967 , Cervantes-Duarte et al. 1993 ), Peru (Santander 1981 , southwest Brazil off Cabo Frio (Lopes et al. 1999) , and Cap Blanc, Mauritania (Kuipers et al. 1993) . To cite only a few examples from non-upwelling regions, Fernández-Alamo et al. (2000) found the limit between a neritic and oceanic copepod assemblage corresponded largely with the border of the continental shelf in the Gulf of Tehuantepec, as did Seridji & Hafferssas (2000) for the Mediterranean Sea off the coast of Algeria, Siokou-Frangou et al. (1998) in the Aegean Sea, and Grice & Hart (1962) for the continental shelf off New York. On the other hand, shelf-slope zonation in copepod community structure is not observed in upwelling systems with strong wind forcing and a very narrow shelf such as off northern Chile (23°N) (Escribano & Hildalgo 2000) , and Somalia (NE Africa) (Smith 1982) . In these systems, coastal animals are displaced great distances from shore into off-shelf waters.
In conclusion, the copepod communities off the Oregon coast closely resemble the structure of the dominant water masses. Species in coastal waters reflect their Gulf of Alaska origins, whereas species in offshore waters are warm water species of mixed origins. Clearly, some species are advected into the offshore region from the west wind drift and Transition Zone. Others, are warm water neritic species with origins in shelf waters of central and southern California. These warm water neritic species are advected to Oregon's coastal waters in winter by the Davidson Current. We speculate that during spring and summer, these warm-water species are advected to offshore waters by coastal upwelling, where they establish viable populations because equatorward advection is slow. We suggest that the coastal copepod community remains separated from the offshore community through a combination of factors, including weak physical interaction between shelf and offshore waters, and lack of direct exchange of coastal waters with oceanic waters.
